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Sommario
L’Electron-Ion Collider (EIC) è un acceleratore di particelle in fase di realizzazione presso
i laboratori nazionali di Brookhaven negli USA e permetterà di approfondire le nostre
conoscenze sulla natura dell’interazione forte e sulla struttura nucleare, analizzando
collisioni di elettroni con nuclei e protoni. Presso EIC l’esperimento ePIC prevede un
sistema di identificazione di particelle, per il quale è previsto l’utilizzo nella regione
in avanti di un rivelatore dual-radiator RICH. Quest’ultimo prevede l’impiego di due
radiatori, in modo tale da coprire un intervallo di impulsi ampio, e l’integrazione di
fotorivelatori per rivelare l’emissione di luce Cherenkov per risalire alla massa delle
particelle. I fotorivelatori previsti sono i sensori al silicio SiPM.
L’obbiettivo di questo lavoro di tesi è stata la preparazione, la caratterizzazione, lo
studio delle prestazioni e la messa in funzione di un prototipo del rivelatore dRICH
per il test beam svolto a Maggio 2024. In particolare l’attività si concentra sui test
di verifica della performance dei sistemi di controllo, quali i termistori NTC (Negative
Temperature Coefficient), che tramite una resistenza variabile misurano la temperatura
dei fotorivelatori, del corretto funzionamento di tutti i più di 2000 canali SiPM tramite
una misura del loro Dark Count Rate, della verifica delle prestazioni termiche del sistema
di raffreddamento, basato su componenti termoelettrici e sul processo di assemblaggio e
test di comunicazione finale del prototipo costruito.
I test svolti hanno evidenziato che tutti i singoli componenti del rivelatore funzionavano
correttamente entro i requisiti e comunicavano tra loro in modo ottimale, permettendo
una buona riuscita del test beam.
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Introduction

The Electron-Ion-Collider (EIC) will be a new high luminosity and high-polarization
particle collider designed to investigate the nuclear structure and the strong interaction,
that will be built at Brookhaven National Laboratory in the US.
The design taken in consideration in the ePIC experiment for the detector design com-
prehends a particle identi�cation system. One of its key elements is the dual-radiator
Ring Imaging Cherenkov (dRICH) detector that provides particle identi�cation in the
hadronic cap. The dRICH will involve the use of silicon photomultipliers (SiPM) to
detect Cherenkov radiation, semiconductor photodetectors consisting of an array of
single photon avalanche diodes (SPADS) with a single photon detection capability. The
work here presented concerns the process of assembly and performance testing of the
dRICH prototype for the test beam held in May 2024 at CERN. This prototype of the
dual-radiator RICH for EIC aims to identify particles in the broad momentum range
from a few GeV/c up to 50 GeV/c allowing a3� separation of particles, while operating
in a high magnetic �eld, by combining the information provided by two radiators, aerogel
and gasC2F6. The dRICH exploits Cherenkov light produced by these two mediums
without penalty owing to the gas Cherenkov threshold. The fully equipped box features
2048 channels in a total box volume of 20 x 20 x 20cm3.

Chapter 1 evolves around the Electron Ion Collider, gives an overview on the scienti�c
goals it aims to achieve and describes the main detectors involved in its facility with a
closer examination of the dRICH.

Chapter 2 introduces the three main components of the dRICH detector concept and
readout system, that have been majorly used in the experimental setups of this study:
Silicon Photomultipliers (structure and possible noise sources), Peltier modules, and the
ALCOR ASICS prototype for the SiPMs readout. Each component is analyzed previously
through the physics operating principle it relies on and then in the designs considered for
the prototype.

Chapter 3 presents an overview of the experimental equipment and setup for the test
beam succeeded by a description of the characterization and quality tests carried out
on every component of the dRICH prototype and its results. The tests on the NTC
temperature sensors, on the DCR SiPMs communication and on the Integrated cooling
system along with the obtained results are presented. Finally, is described the assembly
and pre-commissioning test process of the dRICH prototype with some of the test beam
results.
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Chapter 1

Electron Ion Collider

The Elecron-Ion Collider (EIC) is a new2:4-mile-circumference particle accelerator. Its
start up is expected in the early part of the 2030s in the United States of America at
Brookhaven National Laboratory on Long Island. As represented in Figure 1.1 it is
based on the existing Relativistic Heavy Ion Collider (RHIC). The EIC is designed to
collide two accelerated, polarized beams of particles, bringing high-energy electrons into
head-on, high-intensity collisions with high-energy protons or ions. This one will be the
�rst polarized electron-ion collider consenting operations at high collision luminosity.
Using sophisticated and large detectors EIC will provide precise measurements that will
enable us to study more thoroughly the nuclear structure and the nuclear strong force.
The fundamental constituent of nucleons, which are baryons, are quarks, that are kept
together through strong interaction. Gluons are bosonic particles and are the mediators of
the strong force and have color charge. Gluons and quarks are collectively called partons.
These elements, their color charge and interactions fall within the scope of Quantum
Chromo-Dynamics (QCD) theory contained in the Standard Model. The strong force
between quarks and gluons is attributed to their color charge. This causes the gluons to
interact with each other, generating a signi�cant fraction of the nucleon mass and leading
to a little-explored regime of matter. Hints of this regime become manifest when nucleons
or nuclei collide at nearly the speed of light. The quantitative study of matter in this new
regime requires a new experimental facility: an Electron Ion Collider [1]. The EIC aims
to research the origin of the nucleon's mass and spin, the distribution of momenta and
position of partons inside the nucleon and the properties of dense system of gluons. The
EIC will have the capability to inspect these aspects in only one facility, thanks to the
beam polarization and species (from light to heavy-ion beams and proton beams) and to
its wide energy range.

1.1 The Accelerator

The high-intensity beams will be polarized and will collide in speci�c places. In these
sites will be placed a complex detector structure to obtain high precision measurements.
The EIC machine aims to achieve the features listed below [3]:

ˆ Highly polarized beams of electron and nucleon;

ˆ Ion beams from deuteron to heaviest nuclei such as uranium (U) or lead (Pb);

ˆ Variable e+ p center of mass energies between 20-100 GeV, upgradable to� 140 GeV.
This energy is needed to provide su�cient kinematic to reach the gluon dominated
regime [2];
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Figure 1.1: Schematic layout of the planned EIC accelerator based on the existing RHIC
complex at Brookhaven National Laboratory [2].

ˆ High collision luminosity � 1033 � 1034 cm� 2s� 1;

ˆ Possibility to have more than one interaction region;

ˆ Compact calorimetry, tracking, particle identi�cation and high radiation tolerance
for electronics.

1.2 Phisics observables

In this section will be introduced and brie�y described the physics topics that the Elecron-
Ion Collider will address. This new particle accelerator will speci�cally investigate how
the nucleon mass and spin arise from the strong interaction between color-charged partons,
how the latter ones are distributed in terms of momentum (including its transversal
component) and space inside the nucleon and how a dense nuclear environment shapes
their dynamics. The quarks are six of the fundamental fermionic particles described

by the Standard Model, illustrated in Figure 1.2. Their color charge allows them to
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participate in the strong interaction by exchanging gluons. The exchange of energy and
momentum between quarks through the strong interaction inside the nucleon is a virtual
e�ect, so virtual quark-antiquark pairs can be produced, which in turn can either emit a
gluon or create more complex phenomena. Real quarks are calledvalence quarks while
virtual quarks, anti-quarks and gluons are referred to assea.

Figure 1.2: Scheme of the Standard Model's elementary particles [4].

The complexity of this model makes it necessary to be studied in high energy conditions,
with the high speed collisions of the EIC.

1.2.1 Proton spin

Previous studies involving deep inelastic scattering (DIS) on nucleons using electron
or muon beams have not fully clari�ed how partons share the spin of the nucleon and
build up other nucleon intrinsic properties, such as its mass and magnetic moment [3],
providing only a one-dimensional description of nuclear structure. The EIC will provide
multi-dimensional maps of nucleon properties and with high energy probes of partons'
transverse momenta it will clarify the role of their orbital motion contributing to nucleon
spin.

Quarks and anti-quarks determine only the 30% of the proton spin. Additionally,
RHIC results con�rmed the presence of a non-zero gluon spin contribution, which is
however not yet su�cient to account for the remaining 70%.

The EIC will allow us to lower the minimum momentum fraction accessiblex1 reaching
two orders of magnitude lower and to cover a wider range of momentum transferQ. The
total helicity contribution of the partons to the proton spin is sensitive to thex accessible
by the experiment. This leads to reduce measurements uncertainties, as shown in Figure
1.3, precisely quantifying the contributions of partons' spin and sea quarks to the total
spin of the proton.

1Bjorken's x is a dimensionless variable used in deep inelastic scattering experiments to describe the
fraction of the momentum of a hadron carried by a struck parton. It is de�ned as x = Q 2

2P �q , where Q2 is
the negative square of the four-momentum transfer,P is the four-momentum of the target hadron, and q
is the four-momentum of the virtual photon exchanged in the scattering process. It plays a crucial role
in parton distribution functions (PDFs) and is an essential parameter in describing the internal structure
of hadrons.
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Figure 1.3: Reduction in the uncertainities of the gluon's helicity (spin's projection in
momentum direction) contribution � G vs the quark helicity contribution �� to the
proton spin from the region of parton momentum fractionsx > 0:001, which would be
achieved by the EIC for di�erent center-of-mass energies [3].

1.2.2 Con�ned Motion of Partons inside the Nucleon

The con�ned motion and spin of partons inside a fast-moving nucleon are linked to
transverse momentum-dependent parton distributions (TMDs). The spin-orbit coupling
among partons, which is mostly unknown to date, can explain the correlation between
parton motion, their spin and the spin of the parent nucleon. Thus, using in the EIC
electron and nucleon polarized beams, TMDs allow to investigate the three-dimensional
dynamics of the proton, going forward the so far known information about longitudinal
momentum in conventional parton distributions. The Electron-Ion Collider will be the
�rst facility capable of exploring the internal 3-dimensional sea quark and gluon structure
of fast-moving nucleons and nuclei [3].

1.2.3 Tomography of the Nucleon

The EIC by probing the transversal spatial distribution of partons as a function of their
longitudinal momentum fraction, can obtain an image of the proton complementary to
the one obtained from the transverse momentum distribution. Therefore, EIC can provide
a tomographic image of the proton with a level of accuracy on the transversal distances
better than any other existing facility. This imaging technique can provide information
about spin-orbit correlation and about the angular momentum, spin and orbital motion
of partons.

1.2.4 Gluon saturation

When nuclei are accelerated, their relativistic motion �attens them generating an overlap
of gluons that start a non-linear process of gluon-gluon recombinations. Seeing evidence
of recombination can lead to proving that gluons reach a postulated steady state called
saturation, where gluon splitting and recombination balance out [5]. In QCD this self-
regulating process gives rise to the saturation scale (Qs) where the gluon density is
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expected to reach a balance. Observing this phenomenon can lead to �nd new universal
properties of hadronic matter in the Color Glass Condensate2 (CGC) state, schematized
in Figure 1.4. Thanks to the EIC capability of accelerating heavy ions it will access more
easily the saturation scale. The abundant presence of quarks involved in the process
results in a minor kinematic energy needed to reach gluon saturation. Thus, EIC could
for the �rst time reliably quantify the nuclear gluon distribution over a wide range of
momentum fraction x [3].

Figure 1.4: [3] On the left, con�guration of protons for highx (Bjorken variable repre-
senting the momentum fraction of the parton on which the photon scatters). On the
right a scheme for lowx (x = Q2=W2(W 2 is the center-of-mass energy squared of the
photon-proton system, therefore smallx corresponds to high-energy scattering) where
new partons can be seen. The �gure is a projection on the plane transverse to the beam
axis (the latter is shown by arrows coming out of the page, with the length of the arrows
re�ecting the momentum of the proton).

1.2.5 Passage of Color Charge Trough Cold QCD Matter

During a e+ A scattering, in the regime of standard perturbative QCD (highQ2 and from
moderate to highx), the electron can lose its energy via transmission of virtual photons.
The latter ones interact with nucleon's quarks. The struck quark in turn interacts with
other color charges while traversing the nucleus, continually losing energy. As soon as it
leaves the nuclear environment it binds in color-neutral hadrons. This process is known
as Quark Hadronization. The Elecron-Ion Collider providing a wide variety of ion beams
could give insights into how this cold nuclear matter is formed during an electron-nucleus
collision. The location of measurements within the shaded area, represented in Figure
1.5, can provide new pieces of information on when mesons are formed and what governs
the transition from quarks to hadrons.

2Color Glass Condensate: "Color" refers to the eight types of color charge that the can be carried by
Gluons. "Glass" represent the disordered state of elements changing their positions and "condensate"
refers to the high density of the state.
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Figure 1.5: [3] Illustration of the interaction of a parton moving through cold nuclear
matter. The 
 � represents a virtual photon. The hadron is formed outside (top) or
outside (bottom) of the nucleus.

1.3 Detectors

EIC Detectors will provide the detailed measurements needed to explore the physical
observables described in the previous section. The location of the ePIC detector is the
one nearer to the synchrotron, named Detector II in Figure 1.6. The structure consists
in a well-equipped central detector situated in the interaction region, where is available
a space approximately 10 m long, and includes the instrumentation of the small angle
regions, indicatively covering angles below 2� , in the forward and backward directions,
with detectors situated along the collider beamlines. In the central detector, a 1.7 T
superconducting solenoid provides the magnetic �eld for momentum analysis [6]. The
detector is organized in three regions barrel, forward and backward. To characterize
the four-vector of each particle involved in the electron-ion collision over the range�
10MeV/ � 10GeV of momenta, the detector will be integrated with forward and backward
detectors, particle tracking, precision energy measurements and particle identi�cation.
This project aims to combine complementary detector technologies operating in one
facility with high e�ciency, despite taking data with a large rate background due to the
circulating hadron beams. It will cover a wide momentum range of3 � 40GeV=c(dual
radiator RICH), working in a high magnetic �eld (SiPM), �tting in a limited space, the
asymmetry of thee+ A collisions and working with a wide variety of particles .
The detector design is made up of three di�erent main systems, outlined in Fgure1.7,
listed below:

ˆ The inner system for particle tracking and vertexing. The detector combines
semiconductors that collect electron/hole pairs, caused by the passage of charged
particles, with a gas-based tracking technology that collects ionization caused by
tracks;

ˆ The outer system is calorimetry that measures energy for electrons and hadrons.
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